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1   INTRODUCTION
The understanding of rock breaking and chipping due to TBM cutter disk mechanism for deep tunnelling
operations is interesting considering that TBMs are nowadays used for long Trans-Alpine tunnels. Little
knowledge exists about tool performances in case of deep base-tunnels in comparison with ordinary
shallow excavations.
Based on these facts, some laboratory indentation tests were carried out, in order to simulate the disk
cutter action at the tunnel face. By means of a tool acting on a rock specimen it has been possible to better
understand the mechanism of rock failure under a TBM disk at high confinement. The complete
discussion about these laboratory indentation tests is presented in a different note (Innaurato et al., 2006),
and, in this paper, only the principal results are presented.
Three and two-dimensional numerical modelling was also carried out, in order to reproduce the laboratory
tests and to have a better understanding of the failure mechanism of the cut rock.
2   DESCRIPTION OF THE TESTING PROCEDURE
The tests were carried on different rock samples, limestone (Botticino) and diorite. The aim was to define
fracture conditions under the action of a TBM cutter disk.
In simulation tests the tool was a cut-off segment of a TBM cutter disk acting on parallelepiped samples
of 15x15x20 cm. The confinement in the rock sample was simulated by mean of a flat-jack placed along
one vertical surface of the sample, and of a contrast plate, placed on the opposite side of the specimen.
The whole system (Fig. 1) was placed in a metallic frame leaving about 3 cm of the lateral side of the
rock sample free (i.e. without confinement). By this, it has been possible to simulate an eventual free
surface on one side of the specimen.
The load was applied using a conventional press. The tool, acting on the upper side of the specimen, was
placed in two different positions: in the middle of the face of the sample, with a distance of 7.5 cm
between the tool longitudinal axis and the free edge and with a distance of 5cm between the tool
longitudinal axis and the free edge.
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ABSTRACT: Considering that TBMs are nowadays used for long Trans-Alpine tunnels, the
understanding of rock breaking and chipping due to TBM cutter disks mechanism, for deep tunnelling
operations, becomes very interesting. In this paper, the results from carried out laboratory tests that
simulate the disk cutter action at the rock tunnel face by means of an indentation tool, acting on a rock
specimen with proper size, and the related three-dimensional and two-dimensional numerical modelling
are proposed. The developed numerical models simulate the different test conditions (applied load,
boundary conditions) allowing the analysis of the stresses distributions along possible breaking planes.
The influence of a confinement-free area on one side of the specimen, simulating the formation of a
groove near the tool, is pointed out.
The obtained results from numerical modelling put in evidence a satisfactory agreement with the
experimental observations.
Figure 1. View of the test device: on the left the flat-jack to simulate the confinement. In this specific case, the tool is
placed in the middle of the upper face of the sample (horizontal toe = 7.5 cm from the free edge).
Several tests were performed varying both the confinement, from 0 to 10 MPa by steps of 5 MPa, and the
horizontal toe, between the cutting tool and the free edge, from 7.5 to 5 cm.
During tests it has been possible to record the load - penetration curve (max and ultimate load vs. max
tool penetration), the major and minor axis of the groove at the end of the test and the mode and type of
rupture.
Comparing tests results, it has been possible to conclude that by reducing the distance between the tool
and the free edge in order to find the optimal one (this process simulates the search for optimal
positioning of tools on the TBM cutter head) an easier formation of the chip between the disk and the free
edge of the sample can be achieved. This process reduces the load on the tool and increases its efficiency.
Fracture formation type was recorded at the end of each test in order to recognize any differences in the
failure mode with or without lateral confinement. During tests, it has also been possible to observe the
fracture evolution mechanism.
Without confinement and with a horizontal toe of 7.5 cm, the preferential direction of the fractures is
vertical. Thus, without confinement and far from the optimal distance between cutting tool and free edge,
the fracture shows the same direction of the applied load. Otherwise, with lateral confinement (i.e. p = 10
MPa) the fractures (in some cases) tend to join the free edge.
By reducing the horizontal toe to 5 cm, the fractures are more evidently oriented towards the free edge,
even without confinement. Anyway, the confinement pressure highlights such phenomenon.
The starting point of the fracture can be placed at the bottom of the tool groove and progresses towards
the free edge. At the end of a test, under the cutting tool, a broken material zone was frequently observed.
Moreover, the groove surface increased, being directly influenced by tool force and flat-jack pressure.
Analysing these laboratory findings, it is possible to conclude that tunnel depth seems to have little
influence on the disk performance, in comparison with the distance of the tool groove from a free edge.
The laboratory tests showed how the contiguous groove presence, produced by the adjacent disk on a real
TBM cutter head, helps in the chip formation even in case of high confinement stresses.
 
Figure 2. Left: failure in the specimen (diorite) with the following condition test: indentation load 105 kN; horizontal
toe 7.5 cm; no confinement. Right: chip formation towards the free edge; test conditions: indentation load 140 kN;
horizontal toe 5 cm; confinement pressure 3.3 MPa (pressure in the flat-jack 5 MPa).
Figure 2 shows two different failure mechanisms observed during the tests:
· without confinement and with an horizontal toe of 7.5 cm, the fracture moves towards the base of the
specimen with a vertical direction;
· with confinement and with the tool placed at 5 cm from the free edge of the sample, the fracture
moves preferentially towards the free edge.
3  THREE-DIMENSIONAL NUMERICAL MODEL
A numerical three-dimensional study using FLAC 3D, a finite difference code, (ITASCA, 1996) allowed
to analyse in a more detailed way the stress development in the rock around the tool during load
application.
The mechanism of rock destruction by cutting disk acting on a rock surface has been addressed by several
authors (Innaurato et al., 2006). The chip formation includes several phases such as rock deformation,
surface crushing and pulverisation, destruction nucleus formation, squashing and spalling of the rock
bounded by the destruction nucleus and cracking toward a free surface. Even though the whole process is
dynamic, for sake of simplicity, only the static aspect has been studied.
With a numerical model it is not possible to simulate all the phases that characterize the interaction
between rock and cutting tool here described. As far as the presented three-dimensional model is
concerned, the material was considered isotropic and elastic. Under these assumptions, the rock
pulverisation at the contact surface and the nucleus formation cannot be represented by mean of
numerical simulation, therefore the indenter stamp was preliminary created on the upper side of the model
and a hydrostatic pressure was applied on the inner surface of such hemi-cylindrical groove.
The mechanical properties of the model came from the laboratory characterization tests (Table 1).
Table 1. Mechanical parameters of the rocks (diorite) used in the indentation tests.
UCS (MPa) 234
Cohesion (MPa) 22.8
Friction angle (°) 61
Strength parameter m 25
Strength parameter s 1
Young Modulus (MPa) 40000
Poisson Ratio 0.20
The specimen was represented as a parallelepiped of 15x15x20 cm with a regular mesh of about 62500
cubic elements with a dimension of 3 mm close to the punching zone (upper-half of the specimen) and of
6 mm elsewhere (see also figure 3). The horizontal toe between the major axis of the groove and the free
edge was put equal to 5 cm in all simulated tests (Fig. 3). Sample lower side was tied in the vertical
direction. The 3 cm free surface was simulated by applying a constrain on one side up to a height of 17
cm from the sample base. On the other side a variable pressure was applied to simulate the chosen
confinement conditions. The tool action was simulated by four loading steps (starting from 30 kN up to
150 kN) and it was considered the pressure acting on the groove surface. The value of this pressure was
calculated as the load charge of the press during laboratory tests, recorded at the failure time, divided by
the groove surface. As previously mentioned, the groove has been represented as an hemi-cylindrical
surface with the same dimensions recorded during laboratory tests.
Several calculations were performed changing the following three parameters:
· vertical pressure, according to the thrust applied to the tool;
· confinement pressure on the left side of the specimen;
· dimension the groove, according to the observed groove dimensions recorded during the lab tests for
defined applied load and confinement pressure.
Table 2 summarises the three different test scenarios simulated by numerical models.
           
Figure 3. (a) On the left: three-dimensional model carried out to simulate the disk action during the load application on
a rock sample in a laboratory punching test. On the upper surface of the model is shown the hemi-cylindrical groove
which represents the loading trace of the disk. (b) On the right: tensile stresses acting on the model after the tool load
simulation. The potentially detachable chip is fully comparable with the experimental evidences.
Table 2. Chosen parameters for the different test scenarios.
Simulation Groove
dimensions (cm)
Flat-jack pressure
(MPa)
Applied confinement
pressure (MPa)
Pressure applied on
the groove (MPa)
Free edge
A 3.6x0.6 0 0 370 No
B 5.9x1.2 5 3.3 190 Yes
C 5.1x1.2 10 6.7 250 Yes
4  THREE-DIMENSIONAL NUMERICAL MODEL RESULTS
To better analyse the three-dimensional model it was necessary to verify the stress conditions in vertical
plane sections of the model. Figure 4a shows the traces of the chosen sections.
The distribution of the shear stress on the vertical section b-b concerning the case of high lateral
confinement (6.7 MPa) is shown in Figure 4b.
The potential sliding surface was chosen as the plane joining the groove major axis with the base of the
free edge of the sample. This choice was based upon laboratory observations (Fig. 2). On this surface, it
has been possible to evaluate the active shear and normal stress; then, the ultimate shear strength was
calculated according to the Coulomb strength criterion.
The safety factor was calculated as the ratio of the ultimate shear strength over the active shear stress
computed on the assumed critical surface, at various distances from the groove major axis. The Figure 5
shows, for the section b-b, values of the safety factor versus the distance from the groove for the three
confinement conditions: p= 0; 5; and 10 MPa.
By observing Figure 5 it is possible to conclude that the most critical stress state, with reference to the
formation of a sliding plane, can be localised in the transversal section which crosses the medium point of
the loading trace; the safety factors (as previously defined) on the potentially detachable surface increase
moving towards the periphery of the loading trace.
5  TWO-DIMENSIONAL NUMERICAL MODEL RESULTS
A numerical analysis of a plane strain model was carried out in the transversal section which crosses the
medium point of the loading trace, to verify whether a simpler 2D analysis can be suitable to explain the
failure mechanism. Load and confinement conditions were the same as applied on the three-dimensional
modelling.
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Figure 4. (a) On the left: traces of the vertical sections through the prismatic model. (b) On the right: distribution of the
shear stresses on the potential sliding surface in the vertical section b-b of the model at confinement pressure 6.7 MPa.
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Figure 5. (a) On the left: safety factor on the potential sliding surface vs. distance from the groove major axis for
several confinement pressures (p= 0; 3.3; 6.7 MPa). (b) On the right: tensile bulb near the free surface edge simulating
the adjacent disk groove, obtained from a 2D numerical modelling (Innaurato et al., 2006).
The normal and the shear stresses have been computed on the line joining the groove axis and the base of
the free edge (representing the 2D trace of the sliding plane). Finally, the active shear stress has been
compared to the strength stress evaluated according to the Coulomb criterion considering the same values
of rock cohesion and friction angle as the 3D analyses. The obtained stress distribution is very similar to
the one obtained from the 3D analysis (Fig. 4b): it has been confirmed that until a distance equal to 20
mm from the groove axis the active shear stress is preponderant, whereas after such distance the ultimate
shear strength becomes higher than the active shear stress. The difference between two-dimensional and
three-dimensional results lies essentially in the stress level, which is higher for the two-dimensional
model in the area very close to the groove, but this difference disappears after the first 3 mm far from the
groove.
6  NUMERICAL AND EXPERIMENTAL RESULT COMPARISON
Analysing numerical and laboratory tests results, it is possible to observe that without confinement the
shear stress on the groove trace exceeds the shear strength of the material only in the zone below the
groove and is not possible to identify a preferential sliding surface in the sample. Otherwise, when
Potential sliding surface
confinement pressure is high (i.e. 6.67 MPa) the presence of the free edge make an easier start of the
failure towards the base of the free surface.
The crack formation and propagation is also helped by the presence of tensile bulb which rises from the
limit between confined and unconfined rock, already identified by a previous two-dimensional numerical
study (Innaurato et al., 2006), where it was found that the high lateral confinement at the excavation face
and the presence of the groove produced by the previous disk induce the creation of the inclined tensile
bulb close to the edge of the external groove (Fig. 5b). For high lateral confinement hence the fracture
starts simultaneously in two points: close to the edge of the external groove due to tensile stress and close
to the current groove due to shear stress, while for low lateral confinement the fracture starts only close to
the current groove. The zone subjected to tensile stresses obtained from the three-dimensional model can
be well compared to the chip formation phenomenon observed during laboratory tests (Fig. 3b).
This study has been carried out considering only elastic and isotropic rock material.
The analysis of the interaction between the cutting tool, taking into account different conditions and
breaking mechanism, could lead to different conclusions: Bordet & Comes (1975) refer difficulty of
drilling on a confined surface in absence of a free edge; Klein et al. (1995) report easier work of a TBM
in fractured rocks; Tarkoy & Marconi (1991) observe difficulties of TBM work under high tectonic non-
hydrostatic stresses in highly fractured rock; the excavation is sometime helped by the rock face popping.
7  CONCLUSIONS
The rock breaking by disk tools phenomenon has been studied with an experimental and numerical
methodology, proposing an alternative approach which differs from the classical fracture mechanics. In
spite of its simplicity, numerical modelling of indentation tests has proven to be a useful tool to better
understanding the rock demolition mechanism under the action of a cutting tool.
From the analysis of the three-dimensional numerical results it is possible to observe that:
· the more critical stress state with reference to the chip formation is localised in the transversal section
which crosses the medium point of the loading trace;
· the safety factors on the potentially detachable surface increase moving towards the periphery of the
loading trace.
A 2D numerical analysis of a plane strain model of the transversal section which cuts the sample in the
middle point of the groove major axis produced similar results to those obtained by the 3D calculation on
the same section. Negligible differences were obtained both for the stress state and for the safety factors
on the potentially detachable surface. Being this transversal section the more critical with reference to the
chip formation, it is possible to adopt the two-dimensional numerical modelling as suitable to study the
interaction phenomenon between a TBM disk and the rock.
The high lateral confinement at the face (that develops in deep tunnels) and the presence of the groove
produced by the previous disk induce the creation of an inclined tensile bulb close to the edge of the
external groove, which highly influences the mechanism of chip formation.
On the contrary, in presence of a low lateral confinement, the breakage on the detachable surface of the
chip occurs close to the groove and it is caused by reaching the shear strength of the rock.
Experimental and numerical results presented in this paper show that the presence of a free edge near the
tool, considered as a groove of an adjacent disk of the TBM cutting head, make the chip formation easier
even under high confinement conditions. Laboratory tests show that the influence of the confinement
pressure (i.e. tunnel overburden) on the minimum tool thrust allowing the chip formation, is limited
compared to the presence of a free surface at the correct distance.
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